ABSTRACT. Preslaughter muscle temperature in anesthetized pigs of different halothane genotypes (NN, Nn, and nn) was raised or lowered during a 45-min period of anesthesia. The different treatments produced muscle and rectal temperature differentials of 1.5 t o 2°C across genotypes. Blood and muscle biopsy samples were taken during the period of anesthesia, to study muscle energy metabolism by measuring different metabolites. After slaughter, the same metabolites and some meat quality characteristics were determined. An increased muscle temperature resulted in lower ( P < .01) glycogen concentrations at slaughter and an increased ( P < .05) glycogen, creatine phosphate, and ATP breakdown after slaughter in the muscles of these two halothane genotypes. However, the muscle metabolism of NN pigs was not affected by a higher temperature. The muscle metabolism of Nn pigs was more similar t o that of NN pigs at low preslaughter temperatures. Elevated temperatures shifted the muscle metabolism of Nn pigs toward that of nn pigs. Water-holding capacity was lowered ( P < .Ol) in all halothane genotypes due to elevated preslaughter muscle temperatures. It was concluded that increases in preslaughter muscle temperature are, in addition to an effect of preslaughter stress conditions, also a causative factor in enhancing ante-and postmortem muscle metabolism. This effect was more pronounced in Nn and nn pigs. Meat quality was influenced negatively in all genotypes by an increased muscle temperature, but more in NN and Nn pigs than in nn pigs. Lowering preslaughter muscle temperatures had the greatest advantage of improving meat quality in NN and Nn pigs.
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Introduction
Muscle metabolism in the period around slaughter is known to affect pork quality and is influenced by both genetic and environmental factors (Briskey, 1964; Cassens et al., 1975; Tarrant, 1989 ). An important genetic factor influencing muscle metabolism is the recessive halothane gene ( n ) . This gene codes for a calcium release channel in the sarcoplasmic reticulum and a point mutation has been identified, which is probably causing a disordered Ca2+ regulation in muscles concerned (Fujii et al., 1991) . Heterozygous pigs (Nn) that are slaughtered under normal slaughter conditions will show intermediate meat quality characteristics compared with the nn and NN genotypes (Lundstrom et al., 1989) .
Important environmental factors that affect porcine muscle metabolism are the events that take place in the period just before slaughter, including physical exercise, transportation, mixing of pigs, noise, and higher ambient temperatures (Tarrant, 1989 ). An increased energy metabolism may lead to relatively high postmortem muscle temperatures and a low pH, which can cause denaturation of muscle proteins and a decrease in the electrostatic repulsion between myofilaments. The subsequent increases in light-scattering properties and the extent of lateral shrinkage of the myofibrils provokes the meat to become pale, soft, and exudative (PSE). Dark, firm, and dry (DFD ) meat can be a result from low glycogen concentrations at slaughter, which will lead to a slow pH fall and a high ultimate pH (Hamm, 1960; Bendall and WismerPedersen, 1962; Offer and Knight, 1988; Offer, 1991) .
In the present experiment we studied the effect of relatively higher and lower body temperatures before slaughter on meat quality and on the ante-and postmortem metabolism of two muscle types of anesthetized pigs of different halothane genotypes. Pigs were artificially either warmed up or cooled down during a preslaughter period of anesthesia, enabling us to study the effect of temperature independent of additional stressors that are usually present before slaughter.
Materials and Methods

Animals. Barrows with different
halothane genotypes (16 NN, 13 Nn, and 18 nn pigs) were obtained from a commercial breeding company (Seghers Hybrid, Buggenhout, Belgium) at an age of 3 to 4 mo. The NN pigs were offspring from a homozygous halothane-negative sow line (Landrace). Pigs homozygous for the recessive halothane gene came from a halothane-positive boar line (nn, Belgian Landrace). Crossbred pigs from the sow and the boar line were used for the intermediate genotypes (Nn) . Halothane status of the pigs was confirmed by halothane testing at the age of 7 to 8 wk. The halothane genotype was determined with a DNA-test using a polymerase chain reaction (PCR) technique as described by Fujii et al. ( 199 1) . DNA was purified from 1 mL of heparinized blood, which had been stored at -80°C until it was analyzed as described in Klont et al. (1994a,b) . The pigs were group-housed in the institute's experimental farm and had ad libitum access t o feed until they were used for the experiment ( 4 to 5 mo old).
Experimental procedure. Pigs were withheld from feed for approximately 16 h before they were used in the experiment. One group of pigs (Group 1; 8 NN, 6 Nn, and 7 nn pigs), with an average live weight of 90.5 2 20.4 kg was studied in spring. After an i.m. premedication with azaperone (Stremil@, Janssen Pharmaceutica, Tilburg, The Netherlands,
.8 mg/kg BW), the pigs were transported 15 km to the institute. Combination anesthesia by i.m. injection of azaperone (3.2 mg/kg BW) and an i.v. injection of metomidate (Hypnodil@, Janssen Pharmaceutica, 5 mg/kg BW) was carried out as earlier described (Klont et al., 1993; Klont and Lambooy, 1995 ). An i.v. metomidate infusion was applied via the ear vein during the period of anesthesia. A second group of pigs (Group 2; 8 NN, 7 Nn, and 11 nn pigs) with an average live weight of 111.3 2 16.2 kg was anesthetized in autumn. Now a combination of azaperone and sodium pentobarbital (Nembutal@, Sanofi, Maassluis, The Netherlands, 10 mgkg BW) was used because metomidate could temporarily not be purchased, due to manufacturing errors. Premedication was done as in Group 1 with an i.m. injection of azaperone. Anesthesia was started by an i.v. injection with pentobarbital. An i.v. infusion of pentobarbital was administered during the period of anesthesia. All pigs received endotracheal intubation and were ventilated with a mixture of two parts nitrous oxide (N20 and one part oxygen (0 2). The femoral vein was catheterized via the vena saphena to collect blood samples at different times. Directly after the onset of anesthesia every pig was covered by a blanket containing water-filled tubes that were connected to a thermostatic circulator and a waterbath (MGW Lauda, Beun de Ronde, Amsterdam, The Netherlands). Water with a temperature of 70°C was continuously pumped through the blanket of 9 NN, 7 Nn, and 9 nn pigs. The other pigs were connected to a waterbath with a temperature of 10°C. Rectal and muscle temperature of the SM and LM at a depth of 5 cm of all pigs were measured at the start of anesthesia and just before slaughter with thermocouples connected to a digital thermometer. After 45 min of anesthesia the pigs were exsanguinated and slaughtered. Carcasses were air-chilled overnight at 4°C (air velocity 1.5 m/s).
Samples. Blood samples from the femoral vein were collected in heparinized tubes (Venoject, Leuven, Belgium) at 25 and 45 min after the onset of anesthesia. Blood-gas analysis (pH, pC02, p02, and base excess) was performed with a blood-gas analyzer (Radiometer type ABL3, Zoetermeer, The Netherlands) on all heparinized samples.
At all sampling times, blood samples were also taken for determining glucose, glucose-6-phosphate ( G-6-P) and lactate concentrations by procedures as earlier described (Klont et al., 1993) . Thirty-five minutes after the onset of anesthesia muscle samples (30 to 70 mg 1, from the longissimus muscle caudal from the last rib (LM) and the semimembranosus muscle ( SM) , were obtained using a biopsy needle (Lundstrom et al. 1973) . Approximately 500 mg of pooled samples from each muscle was freeze-dried overnight and stored at -80°C until samples were analyzed. Muscle biopsies were collected from LM and SM muscle at 25 min, 45 min, 2 h, 4 h, and 18 h after exsanguination and immediately frozen in liquid nitrogen, freeze-dried overnight, and stored at -80°C.
Procedures for preparation and analysis of freezedried muscle samples were those previously described (Klont et al., 199413) . Conversion of glycogen to glucose by amyloglucosidase was done on a muscle homogenate in .5 M perchloric acid according to the method used by Haagsma et al. (1981) . The total amounts of glucose and G-6-P were measured by procedures of Bergmeyer et al. (1970) .
Glycogen content was determined after a correction for free glucose and G-6-P already present in the extract. The concentration of lactate was analyzed by a method of No11 ( 19 70). Separation and quantification of creatine phosphate ( CrP), ATP, AMP, and inosine monophosphate (IMP) was carried out as described in Klont et al. (1994b) (Sybesma, 1966) . At 18 h postmortem a LM sample was taken at the 3rd-4th rib. Waterholding capacity was measured according to the filter paper absorption method (Kauffman et al., 1986) . After a 30-min bloom period the color was determined in triplicate by measuring L*-, a*-, and b*-values with a Hunter Labscan (D65, 10" standard observer). The percentage drip loss was measured on a LM sample, which was packaged and stored at 4°C for 48 h. Meat was defined as PSE according to the criteria of Kauffman et al. (1993) with Hunter L* values > 58 and a drip loss > 5%.
Statistical Analysis. The different anesthetics that had to be used, confounded with season and live weight, led to two groups of pigs. These groups were introduced as an additional factor in the analysis. All data were analyzed with a split-plot analysis of variance model. Fixed effects in the model were main effects and interactions for factors: genotype (NN, Nn, nn), sequence of usage during the day of experiment (first, second, last), group (1, 2) and temperature treatment (low, high). Days of experimentation were introduced as random effects. Components of variance were estimated by Restricted Maximum Likelihood (REML) (see, e.g., Engel [19901) . Tests for interactions and main effects were based on the Wald-test (Buist and Engel, 1992) . Genotypes within treatments were compared pairwise with Fisher's method. All calculations were performed with Genstat 5 (1987, 1990) .
Results
No significant interactions were found ( P > .05) between the group factor and the other main factors in the split-plot analysis of variance model, which made it possible to compare the results from Group 1 with those from Group 2, independent of genotype and temperature treatment. Table 1 shows the results of the blood measurements. The number of pigs does not correspond with those of other tables because not every pig was successfully catheterized. No significant interactions were found between genotype and treatment for any of the measured blood parameters. Blood pH was slightly lower and pc02 values higher in Nn and nn pigs than in NN pigs at 25 min after the onset of anesthesia, but no effect of treatment could be seen for the parameters within the different genotypes. The p02 values were higher ( P < .05) in nn pigs that were decreased in body temperature during the period of anesthesia. Lower ( P < .05) base excess values were measured in blood samples taken from nn pigs with increased body temperatures. Slightly higher blood lactate concentrations were observed in all pigs with a raised body temperature. Significant differences between the groups existed in some of the measured blood characteristics and are mentioned in this Results section. Pigs from Group 1 had higher ( P < Table 2 . A comparison between the temperatures measured at the start of the treatment and those just before slaughter shows that it was possible to lower temperatures with 1°C. The hot water treatment raised muscle temperatures from .5 to .9"C. All genotypes reacted in a similar way to the treatments before slaughter, whereas no interactions ( P > .05) were found between genotype and treatment. Genotype and temperature treatments resulted in a significant interaction ( P = .05) for SM temperatures at 45 min after slaughter, with the result that Nn and nn genotypes had higher ( P < .05) muscle temperatures than NN pigs. The results from the metabolite measurements of SM and LM biopsies taken from the anesthetized pigs are shown in Table 3 . In all muscle biopsies taken from Nn and nn pigs an elevated muscle temperature led to significantly lower ( P < .O 1) glycogen concentrations than in similar samples from pigs with decreased body temperatures. Lactate values slightly increased in muscle biopsy samples from heat-treated Nn and nn pigs. These effects were more pronounced in LM, in which they resulted in significant genotype x treatment interactions ( P < .05). Table 6 shows the results of the meat quality measurements. An elevated body temperature tended to lower the pH measured at 45 min after slaughter in the SM of all halothane genotypes, but the effect was only significant in nn pigs. 
Discussion
The rectal temperatures of all pigs in this experiment were in the normal range from 37.0 to 39.6"C (Hannon et al., 1990) . The cold and heat treatment effectively shifted all measured temperatures to lower or higher values, respectively, within the normal range. Forrest et al. (1968) found higher increases in body temperatures of "stress-susceptible" than of "stress-resistant" anesthetized pigs that were held at 42°C for 60 min in a temperature-controlled environmental chamber. The in vivo temperatures of the three halothane genotypes in our experiment did not respond differently toward the treatments. A reason for this might be that the treatment lasted for only 45 min.
A combined anesthesia by metomidate and azaperone was originally chosen in the present experiment, because it results in a relatively "steady-state" in pigs (Lagerwey, 1973) . Pentobarbital is also known to strongly decrease catecholamine secretion and increase blood glucocorticoid concentrations (Bertens et al., 1991) . The exact difference in effects between pentobarbital and metomidate on the measured parameters in this experiment is not known, but it might explain the significant group effects found for the p02, base excess, and glucose values. However, most of the measured blood-gas values of this experiment are in agreement with earlier studies of pigs of different halothane genotypes anesthetized with metomidate (Klont et al., 1993 (Klont et al., , 1994a Klont and Lambooy, 1995) . The nn pigs with a decreased body temperature had significantly increased blood p02 values compared with the other two genotypes with a low body temperature. Klont et al. (1993) found the same in an experiment with muscle temperatures at 45 min postmortem of 36.3 to 37.0°C, indicating a very low preslaughter muscle temperature. In the present experimental series an elevated body temperature resulted in decreased blood p02 values in nn pigs, which might be explained by a higher 0 2 consumption due to a generally increased aerobic metabolism in these pigs. The higher anaerobic muscle metabolism in pigs with high preslaughter body temperatures than in pigs with low temperatures might explain the observed increases in blood lactate concentrations and decreased base excess values.
The "resting" metabolism was only elevated in Nn and nn pigs with a raised muscle temperature, which resulted in significantly lower glycogen values in both the SM and LM. The muscle metabolism of NN pigs was not influenced. The same conclusions could, to a lesser extent, be drawn from the measured in vivo creatine phosphate and IMP concentrations. The preslaughter decrease in glycogen did not coincide with an accumulation of lactate in the muscles, which was only slightly raised in pigs with an elevated body temperature. This might partly be explained by the increased blood lactate values observed in pigs with a C raised body temperature, because an excess of muscle lactate will be drained away by the blood circulatory system. Most of the glycogen will have been used in aerobic metabolic pathways to supply energy for the increased demands at higher muscle temperatures.
The observed differences in antemortem muscle metabolism between the pigs of different halothane genotypes might be explained by the structural differences in a calcium release channel of the sarcoplasmic reticulum that exist between the halothane genotypes (Fujii et al., 1991) . In vitro studies demonstrated a higher Ca2+ release rate from isolated sarcoplasmic reticulum of nn pigs than from that of NN pigs, and intermediate values for Nn pigs (Mickelson et al., 1989) . Thermal dependencies have been shown for the Ca2+ uptake process and for the Ca2+-induced Ca2+ release by isolated sarcoplasmic reticulum membranes of nn pigs (Nelson, 1990) . Although the in situ situation is not known, it could be argued that an elevated muscle temperature increased the calcium release and uptake processes by the sarcoplasmic reticulum of Nn and nn pigs to a greater extent than in NN pigs. This enhanced calcium turnover would request more energy, and could be responsible for the increased in vivo "resting" metabolism.
Postmortem muscle metabolism characteristics were in agreement with earlier studies of anesthetized pigs of different halothane genotypes (Klont et al., 1993 (Klont et al., , 1994a . Lundstrom et al. (1989) found similar differences between the three halothane genotypes in muscle metabolites from samples that were directly taken after normal slaughter conditions. An increase in preslaughter muscle temperature from 37 t o 39°C only accelerated the postmortem metabolite breakdown in Nn and nn pigs. Preslaughter body temperatures above 40°C might also affect the postmortem metabolism of NN pigs, as was observed by Klont et al. (1994b) in isolated muscle fiber strips from NN pigs. Augustini et al. (1977) concluded that body temperatures at slaughter of more than 40.1"C indicate pale and watery meat. Other authors also found an increase in DFD meat with raised preslaughter temperatures (Sybesma and Van Logtestijn, 1966; Gariepy et al., 1989) . The Nn pigs in the present experiment had intermediate values at both temperature treatments. However, at low preslaughter muscle temperatures these values were closer to the metabolite concentrations of NN pigs, whereas at high body temperatures they were closer to those from nn pigs. It can be concluded that an increased body temperature also directly influences ante-and postmortem muscle metabolism in Nn and nn pigs, and acts not only as a result of preslaughter stress. The postmortem influence of temperature on the measured meat quality characteristics did not show a clear difference between NN pigs and the other halothane genotypes. The muscle pH-values at 45 min after slaughter were in agreement with the lactate concentrations. Water-holding capacity, as measured by the filter paper method and drip loss after 48 h of storage, was decreased in all halothane genotypes by a raised preslaughter temperature. This decrease was only significant in Nn and nn pigs. The influence of preslaughter temperature on meat color was less evident, although meat color tended t o become lighter with higher preslaughter temperatures, especially in NN and Nn pigs. Postmortem muscle temperature in combination with pH determines the extent of protein denaturation, and thereby color and water-holding capacity of meat, which is probably the main reason that meat quality was shown to be affected by temperature across the halothane genotypes (Bendall and Wismer-Pedersen, 1962; Offer and Knight, 1988; Offer, 1991) .
It should be kept in mind that the average normal rectal temperature in awake, resting pigs is 38.5 *
.65"C, with a normal range of 37.0 to 39.6"C (Hannon et al., 1990) . The changes in body temperatures in our experiment did not exceed this normal range, but an increase to the upper level of the normal range caused an increased incidence in PSE meat, especially in nn pigs. Preslaughter stress factors such as exercise and high ambient temperatures might easily elevate body temperatures in conscious pigs to values between 39.0 and 41.0°C, with the highest increases for "stresssusceptible'' pigs compared with "stress-resistant" pigs (Aberle et al., 1974; Lundstrom, 1976; D'Allaire and DeRoth, 1986; Geers et al., 1992) . The observed effects of preslaughter muscle temperature on anteand postmortem muscle metabolism might be more pronounced at temperature increases above the normal range and might even influence NN pigs. Muscle temperatures after normal slaughter conditions will further increase and range from 39.0 t o 43.0"C at 40 min postmortem (Sybesma and Van Logtestijn, 1966) . Higher postmortem muscle temperatures in combination with an increased lactate formation after normal slaughter conditions will lead to a greater incidence of PSE meat.
Implications
Elevated preslaughter body temperatures within the normal range for pigs, from 37.0 to 39.6"C, accelerate ante-and postmortem muscle metabolism of Nn and nn pigs. Muscle metabolism of NN pigs was not affected by this temperature increase. However, increases above this range might also affect the muscle metabolism of NN pigs. The meat-quality characteristics were affected in all halothane genotypes by an increased body temperature, due to the combination of high postmortem muscle temperature and low pH after slaughter. It can be stated that a beneficial effect on muscle metabolism and meat quality, especially from NN and Nn pigs, can be expected by decreasing preslaughter temperatures to the lower part of the normal range. In practice this could be achieved by lowering preslaughter stress conditions, showering of pigs, and the use of tranquilizers.
